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Abstract
Hawaiian and other ocean island lava flows that reach the coastline can deposit significant volumes of lava in submarine deltas.
The catastrophic collapse of these deltas represents one of the most significant, but least predictable, volcanic hazards at ocean
islands. The volume of lava deposited below sea level in delta-forming eruptions and the mechanisms of delta construction and
destruction are rarely documented. Here, we report on bathymetric surveys and ROV observations following the Kīlauea 2018
eruption that, along with a comparison to the deltas formed at Pu‘u ‘Ō‘ō over the past decade, provide new insight into delta
formation. Bathymetric differencing reveals that the 2018 deltas contain more than half of the total volume of lava erupted. In
addition, we find that the 2018 deltas are comprised largely of coarse-grained volcanic breccias and intact lava flows, which
contrast with those at Pu‘u ‘Ō‘ō that contain a large fraction of fine-grained hyaloclastite. We attribute this difference to less
efficient fragmentation of the 2018 ‘a‘ā flows leading to fragmentation by collapse rather than hydrovolcanic explosion. We
suggest a mechanistic model where the characteristic grain size influences the form and stability of the delta with fine grain size
deltas (Pu‘u ‘Ō‘ō) experiencing larger landslides with greater run-out supported by increased pore pressure and with coarse grain
size deltas (Kīlauea 2018) experiencing smaller landslides that quickly stop as the pore pressure rapidly dissipates. This difference, if validated for other lava deltas, would provide a means to assess potential delta stability in future eruptions.
Keywords Kilauea . Lava deltas . Submarine landslides . Bathymetry

Introduction
At most volcanic islands, lava flows that traverse the volcano
flanks often reach the coastline. The interaction of hot lava and
cold seawater can drive hydrovolcanic explosions both at the
coastline and slightly offshore that fragment the lava, which
cascades down the submarine slopes (Mattox and Mangan
1997). In some instances, lava can pass quiescently across
the waterline and continue as lava flows down shallow submarine slopes. In either case, lava that crosses the coastline is
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difficult to observe. In this study, we consider lava deltas to be
the submarine fan of clastic and intact material that is deposited (and in cases remobilized) below the waterline where lava
flows enter the sea. At the coastline, lava deltas are capped by
lava benches, areas of flat-lying, subaerial lava flows that are
built upon delta material. Submarine lava deltas and subaerial
lava benches pose a unique hazard on ocean island volcanoes.
Landslides of delta material, that in some cases can extend to
and include collapse of lava benches, can produce locally
catastrophic results, including increased hydrovolcanic explosions (onshore and offshore), ejection of blocks, and generation of local tsunami waves (Mattox and Mangan 1997;
Chiocci et al. 2008; Poland and Orr 2014). Unfortunately,
there are limited means to predict the timing and size of
bench/delta collapses. This is due, in part, to a limited understanding of the patterns of submarine lava transport and deposition, properties of delta material, mechanisms and modes of
failure, and how these properties vary with lava flow type,
flux, and composition. This study examines lava deltas produced in the 2018 eruption of Kīlauea Volcano, compares
them to those that formed at Pu‘u ‘Ō‘ō over decadal time
scales, and provides new insight about delta formation and
evolution.
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Lava flows from the 2018 eruption of Kīlauea Volcano
reached the coastline and constructed over 3.5 km2 of new
land. The 2018 ocean entries, with lava delivered at high flux
and as ‘a‘ā rather than pāhoehoe flows, present a useful contrast with ocean entries of the previous 35 years during the
Pu‘u ‘Ō‘ō eruption. New bathymetric mapping conducted at
the cessation of the eruption, seafloor observations from
ROV, and observations from land provide a unique data set
to examine the development of lava deltas during a high effusion rate Hawaiian eruption (Fig. 1).

Background
As lava flows reach the coastline a variety of mechanisms lead
to fragmentation. The heating of seawater to steam can drive
hydrovolcanic explosions that fragment the lava (e.g., Moore
and Ault 1965; Mattox and Mangan 1997; Poland and Orr
2014). The intensity of these explosions depends on the mechanisms by which water and lava mix (Zimanowski et al. 1997)
and can range from no explosions as observed at the Mauna
Loa 1950 ocean entries (Finch and Macdonald 1955; Moore
et al. 1973) to highly energetic explosions that produce littoral
cones and abundant fine-grained volcaniclastics best described as very fine sand or ash (Moore and Ault 1965;
Tribble 1991; Dobran and Papale 1993; Mattox and Mangan
1997). Even without explosions, lava may still fragment when
entering the water by quench granulation or wave impacts that
produce sand- to pebble-sized grains termed hyaloclastite
(Watton et al., 2013), or by gravity-driven breakup of intact

Fig. 1 Lava flows of the 2018
Kīlauea eruption (pink) erupted
from the volcano’s East Rift Zone
and covered 35.5 km2. Lava flows
reached the coastline at several
locations, producing ocean entries
that spanned more than 6 km.
Lava was deposited in the ocean
and produced deltas with
thickness (derived from pre- and
post-eruption bathymetric surveys) up to 250 m that extend
more than 1 km from the new
coastline and to water depths of ~
750 m. The location of the map
relative to the Island of Hawaii is
shown in the upper left inset
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lava (Skilling 2002) that produce cobble- to boulder-sized
clasts termed volcaniclastic breccia (Fisher 1960; Yamagishi
1987). In some instances, lava flows may cross the coastline
without fragmentation, producing intact lava flows that extend
down the submarine volcano flank (Mitchell et al. 2008).
There is no consensus on the relative proportions of intact
and fragmental lava that are produced in the formation of lava
deltas. Examples of fast and slow-moving ‘a‘ā flows and
pāhoehoe flows that enter the water either quiescently or with
significant fragmentation can be found. In most cases, these
observations are restricted to the shoreline. However, we are
aware of direct observations of active delta formation at shallow water depths via SCUBA during two Kīlauea eruptions:
for the Mauna Ulu eruption, a single-day ‘a‘ā flow in 1969
then nearly 4 months of pāhoehoe flows in 1971 (Moore et al.
1973), and for the Pu‘u ‘Ō‘ō eruption, nearly 5 months of
pāhoehoe flows in 1989 (Tribble 1991). In both cases, divers
documented downslope transport of fragmental lava ranging
from sand-sized to cobble-sized grains that were presumably
generated at the coastline. In addition, intact lava flows including pillows, tubes, and channels were observed to form at
water depths up to the dive limit of 70 m. The development
of submarine lava channels observed at the Pu‘u ‘Ō‘ō delta
was interpreted to reflect the concentrated delivery of large
volumes of lava at the coastline (Tribble 1991), implying that
flux may be an important control on the ability for intact flows
to form underwater. The 1971 Mauna Ulu delta was nearly
entirely composed of fragmental lava as intact lava flows became unstable and fragmented during slumping and as thin
streams of lava flowing over the sea cliff quenched and
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fragmented (Moore et al. 1973). Although the 1971 Mauna
Ulu submarine delta is described as being dominated by
hyaloclastite, small areas of lava talus (i.e., volcaniclastic
breccia) with slopes of 35–40°are also mentioned. The Pu‘u
‘Ō‘ō delta was described as being covered by 20% intact lava,
the rest being sediment of indeterminate size (Tribble 1991).
These observations contrast with SCUBA observations of
Etnean lava flows that entered in the ocean that report little
to no fragmental material other than broken pillow fragments
(Moore et al. 1971), but are similar to observations during and
after the development of lava deltas from the Stromboli 2007
eruption (Bosman et al. 2014) that also found a mix of fragmental and intact lava flows.
SCUBA observations that provide a highly localized view
of active processes are consistent with observations from
uplifted ancient successions (e.g., Yamagishi 1987; Skilling
2002; Watton et al. 2013), which offer a more holistic view of
delta structures and lithologies. In Icelandic deposits, the
range of lithologies identified provides context for observations from the Kīlauea 2018 deposits. The lithologies are
broadly distinguished by clast morphometry with varying proportions of fine-grained and coarse-grained material as well as
by whether they indicate primary (e.g., pillow lava) or synsedimentary (e.g., pillow breccia) deposition (Watton et al.
2013). These deposits can also provide evidence for the evolution of the depositional environment through time and
across the air-water interface.
Most ancient lava deltas described in the literature were fed
by pāhoehoe lava flows, which are inferred to more efficiently
fragment as they cross the air/water interface due to thinner
flows, lower flow rates, and higher porosities (Jones and
Nelson 1970; Moore et al. 1973; Skilling et al., 2002).
Smellie et al. (2013) describe the distinctive characteristics
of an ‘a‘ā-fed lava delta from East Antarctica of late
Miocene-Pliocene age. They note that ‘a‘ā deltas contain a
greater proportion of intact flows and coarser grain sizes than
pāhoehoe-fed deltas. They also note shallower delta slopes for
‘a‘ā vs. pāhoehoe-fed deltas.
Failure of volcanic slopes represents a significant hazard
common to most coastal volcanoes. The size of landslides can
span a range of magnitudes from small landslides to enormous
sector collapses (Moore et al. 1994). Lava delta collapse represents an important example of volcanic slope failure that,
while small in scale, occur in areas that are heavily trafficked
by visitors and, at present, are difficult to forecast as they
largely occur underwater (Poland and Orr 2014). Failures of
submarine lava deltas on Kīlauea Volcano have been recorded
by visual observations at subaerial ocean entries (Mattox and
Mangan 1997; Poland and Orr 2014) and hydroacoustically
(Caplan-Auerbach et al. 2001). In addition, hydroacoustic observations and repeat bathymetric surveys have documented
landslides of a similar scale at many submarine volcanoes
(e.g., Chadwick et al. 2011; Watts et al. 2012; Caplan-
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Auerbach et al. 2014), especially those dominated by clastic
deposits.
In the case of Pu‘u ‘Ō‘ō deltas, nearly all documented
collapses occur during periods of volcanic accretion [Neal
and Anderson 2020], supporting a model wherein collapse is
initiated via oversteepening of growing delta slopes. Rare exceptions include the East Laeapuki delta that experienced a
partial collapse 2 months and full collapse 5 months after the
entry stopped. In addition, the May 4, 2018, collapse of the
Kamokuna delta occurred after the Pu‘u ‘Ō‘ō eruption had
ceased and is believed to have been initiated from earthquake
shaking. Along with oversteepening during accretion and seismic shaking, ground deformation and wave energy have also
been proposed as drivers of submarine slope failure (Masson
et al. 2006). As we will discuss, the 2018 deltas did not experience any bench collapses during their emplacement and
showed only minor hydroacoustic evidence of downslope
transport (Caplan-Auerbach et al. 2019).

Description of the 2018 eruption
The events of the 2018 Kīlauea eruption have been described
in detail by Neal et al. (2019); the most relevant details for this
study are the timing and duration of lava flows entering the
ocean. The first two ocean entries, fed by fissures 20 and 22,
began simultaneously on the night of May 19 near the
MacKenzie State Recreation Area. The eastern entry from
fissure 20 ended within a day as that vent’s effusion rate
dropped. However, fissure 22’s lava was able to commandeer
the fissure 20 channel, in addition to its own, and sustain both
ocean entries for another 10 days. The third ocean entry, also
in the MacKenzie delta complex, was produced by a joint flow
from fissures 6 and 13. It reached the ocean on May 22 and
continued activity until May 28. All three entries, which clustered along a 1.5-km stretch of coastline, consisted of an ‘a‘ā
lava channel that entered directly into the ocean; no explosions were observed at these entries.
The fissure 8 lava flow, the main flow of the eruption,
reached the ocean at Kapoho Bay in the late evening of
June 3. The entire shallow bay was filled in with lava within
48 h, forming a broad point that continued to enlarge eastwards through June. Again, the ocean entry was dominated
by a single ‘a‘ā channel feeding directly into the ocean and no
significant explosions were observed. The lava channel slowly migrated south from June 6 to June 29 and the style of
ocean entry changed from a single channel to dozens of weak
entries along the entire 4-km-long flow front. On June 29, a
breakout near Kapoho Crater shifted lava back to the north
side of the original ocean entry location in Kapoho Bay. A
similarly unexpected breakout shifted lava back to the south in
early July, with lava once again flowing in an open channel to
the sea along the south margin of the delta—as it existed then.
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Starting around the end of June, several hydrovolcanic explosions were observed. Most eyewitness reports came from
lava tour boats, although there was also a more robust laze
plume, indicating that more lava was interacting with the sea
water than in the first 2 weeks of June. A major reconfiguration of the lava channel west of Kapoho Crater on July 9
caused lava to be diverted away from the original 4-km-long
flow front, creating a new ocean entry to the south near
Ahalanui. This became the focus of coastal activity for the rest
of July, with a southwestward migration throughout the month
and further explosions observed, including one that injured
several tour boat passengers on July 16. As with the Kapoho
entry, this lobe of the fissure 8 delta sustained dozens of weaker, oozing lava entries along its margin, which grew to be ~
2.4 km wide. Fissure 8 effusion ceased on August 4 and the
lava channel drained within 24 h. Nevertheless, dozens of
weakly effusive entries persisted along the flow front for the
following 10 days.

Methods
Multibeam sonar data was collected along the south coast of
Kilauea Volcano on August 19, 20, 27, and 28 with a
Kongsberg EM302 multibeam echosounder on the research
vessel E/V Nautilus. Surveys were run parallel to the coastline
from water depths of 4000 m to ~200 m. Trackline spacing
varied from < 100 m to ~ 1 km to accommodate the variable
water depths. Multibeam sonar data were processed using
QPS Qimera™ where corrections for variations in sound
speed and tides were applied. In addition, water column backscatter data were processed with QPS Qimera™, and the position of mid-water anomalies was highlighted (Soule et al.
2019). Bathymetric data were gridded at 50-m resolution for
the entire data set and at 5-m resolution for the survey lines
closest to the coast (i.e., in the shallowest water) to produce
model seafloor surfaces. Bathymetric surfaces collected in
2006 by the R/V Kilo Moana EM1002 (Smith 2016) were
subtracted from the new high-resolution surfaces to isolate
changes in seafloor depth resulting from volcanic deposition
(e.g., Chadwick et al. 1991, 2008; Wright et al. 2008; Caress
et al. 2012). These thickness maps were created for the lava
deltas produced during the 2018 eruption as well as those at
Pu‘u ‘Ō‘ō, which experienced deposition as well as erosion
from several documented bench collapses during this time
period (Poland and Orr 2014; Hawaiian Volcano
Observatory, 2020).
Potential rotations and translations between pre- and posteruption surfaces, reflecting differences in quality of ship positioning data and processing methods between the surveys,
were examined by minimizing misfit between surfaces via
iterative closest point matching in CloudCompare (ver
2.10.2). The area of deposition for the 2018 lava flows did
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not require any transformation, and the area around the Pu‘u
‘Ō‘ō lava deltas required a small translation and rotation
(Supplementary Figure 1). Gridded bathymetric data, prior
to any translation or rotation, is available for download from
the Marine Geoscience Data System archive (www.mgds.
org).
Seafloor observations and samples were collected on a single, 12-h dive with ROV Hercules on September 10. The dive
initiated at a depth of 175 m and traversed eastward along the
lava delta, parallel to the coastline, for 2 km. The ROV then
moved to deeper water (out of visual contact with the seafloor)
before traversing along the delta slope to the west at 650–
700 m water depth for 700 m (Fig. 2). Five rock samples were
collected during the dive from the range of lithologies observed at the base of the delta. Fluid samples were collected
and water temperatures were measured by thermocouple at
sites of fluid egress around lava flows (German et al. 2018).
Rock samples were analyzed for bulk major and trace
element composition via XRF at University of
Massachusetts Amherst following the methods described in
Rhodes (1996) and Rhodes and Vollinger (2004). Samples
were crushed and cleaned in deionized water and picked for
alteration-free chips. Chips were powdered with an agate pulverizer and fused into glass beads. Standards BHVO-1 and
BHVO-2 were run before and after the samples. Major and
trace element concentrations are reported in Supplementary
Tables 1, 2. In addition, sample NA099-111 of intact lava
from the delta toe was mounted in epoxy and polished to
1 μm and imaged with a benchtop scanning electron microscope (Hitachi TM3000) for textural analysis.

Results
2018 Kīlauea eruption deltas
A series of four discrete lava deltas, or delta complexes, were
emplaced by 2018 lavas along an approximately 10-km
stretch of coastline. We identify lava deltas as distinct and
coherent regions of lava accumulation (i.e., positive seafloor
change). For convenience, we refer to the deltas as the Kapoho
delta, the Ahalanui delta, and the MacKenzie 1 and 2 deltas.
The Kapoho and Ahalanui deltas are broad (2–3 km wide) and
extend 1.2 km from the new coastline (Fig. 2a). The two
MacKenzie deltas are significantly narrower (Fig. 2b) and
extend 0.7 km and 1 km from the coastline.
The Kapoho delta, seaward of the former Kapoho Bay,
appears to be a complex of at least three merged lobes, separated by narrow gullies. The central lobe is unique among this
group, with a largely featureless rounded surface. The southern lobe contains narrow, high-relief ridges oriented radially
to the delta head. The northernmost lobe also displays highrelief ridges, but these emerge midway down the delta slope.
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Fig. 2 a Larger deltas near the former Kapoho Bay and Ahalanui Beach
Park contain areas of rough topography adjacent to regions of smooth
slopes. The rough topography is characterized by elongate ridges, some
of which originate mid-slope. The white line indicates the track of the

ROV dive. b Smaller deltas from the MacKenzie State Recreation Area
have rough, hummocky topography with some elongate ridges. The front
of the larger delta has a smooth seaward slope

Notably, reflections in the water column, as are observed in
particle plumes around hydrothermal vents, were detected
during multibeam sonar surveys at the landward edge of this
mid-slope ridge network (Soule et al. 2019). Similar ridge
features are observed in the 2011 Stromboli lava deltas and
are interpreted as lava flows (Bosman et al. 2014). The two
smaller MacKenzie deltas appear to be comprised entirely of
ridges. In addition to linear ridges, there are hummocky areas
comprised of small (20–100 m wide), overlapping mounds,
reminiscent of pillow ridge morphology of some mid-ocean
ridge lava flows (Soule 2015).

Deltas are thickest near the coastline and taper seaward
(Fig. 2). The maximum delta thickness is found in the
Kapoho Bay area at over 200 m. The seaward extent of
the deltas may extend slightly farther than mapped because thicknesses drop below what is detectable by this
method (~ 5 m). The slopes of the larger deltas, as measured on their centerlines range from 20 to 35°, and generally increase by 10–15° over pre-eruption slopes
(Fig. 3). The greatest increases in slope correlate with
the greatest thickness and extend, in some cases, more
than a kilometer from the current coastline. The
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MacKenzie deltas show more modest slopes of 15–20°
and are consistent with pre-eruption slopes.
The bulk volume deposited in the ocean from the 2018
Kīlauea eruption, defined as any new material deposited below sea level, is 759 × 106 m3 (Table 1), which is roughly 60%
of the estimated total eruption volume (Neal et al. 2019). Bulk
volume of the submarine deposits is calculated as the integrated depth difference between 2018 and 2006 bathymetric maps
within manually digitized regions of coherent depth reduction
(e.g., Chadwick and Embley 1995; Caress et al. 2012; Carey
et al. 2018). This volume is added to the calculated volume
between the prior and current coastlines excluding volume
deposited above sea level. This is calculated from posteruption lidar and UAS topographic maps (Dietterich et al.
2020). Also included is the volume accounted for by a swath
that is ~ 200 m wide between the new coastline and the landward edge of the bathymetric survey. For this area, thickness
is interpolated between the bathymetry-derived thickness and
lidar/UAS-derived thickness via a natural neighbor algorithm
in order to estimate volume (Supplementary Fig. 2). Error
estimates on volume include are determined from uncertainties of depth differences calculated in areas of no lava
accumulation, which show mean differences near zero and a
2σ range of depth differences of ± 10 m (Supplementary Fig.
3) (Friant et al. 2010).

Delta material
The lithologies that make up the 2018 deltas are identified from
seafloor imagery collected along ROV transects. The transects
(Fig. 2) crossed ~ 3 km of the Kapoho delta at 250 m water
depth (mid-slope) and ~ 1 km of the same delta at 750-m water
depth (delta base). Coarse-grained clastic material dominated
the lava deltas with grain size and sorting varying by location.
Very fine-grained ash was also visible in nearly all locations
visited as a layer of tan sediment mantling the volcanic breccia
and lava flows. Lava flows were observed at the delta base, in
areas of notable ridges in the bathymetry. We describe the delta
lithologies by grain size below:
Table 1 2018 Kīlauea eruption
submarine delta properties

Delta
Kapoho
Kapoho (lidar)
Kapoho (inferred)
Ahalanui
Alahanui (lidar)
Alahanui (inferred)
MacKenzie 1
Mackenzie 2
Total

(2021) 83:23

Fine grained
Much of the observed delta was covered by tan-colored, very
fine-grained sediment with an appearance similar to
hemipelagic mud. The thickness of the sediment generally
increased downslope with accumulations of up to 10 cm
found towards the base of the delta (Fig. 4). Portions of the
upper delta were sediment free (Fig. 4b,c), possibly due to
late-stage mass movement rather than a lack of sedimentation,
as the sediment-free areas were typically well-sorted and adjacent areas had significant sediment. No evidence of sandsized grains, as described for other Hawaiian deltas (Moore
et al. 1973; Tribble, 1991; Sansone and Smith, 2006) was
observed, although it may be present in interstices of the breccia. Sediment samples were not collected.
Coarse grained
Volcanic breccias dominate the portions of the delta observed,
with grain sizes from 5 to 50 cm as determined from calibrated
lasers on the ROV. Rare large blocks up to 1 m in diameter
were observed (Fig. 4a–c). The volcanic breccias are comprised of angular blocks of lava that display textural features
of ‘a‘ā flow interiors including high-crystallinity and complex
vesicles (Fig. 4d). Where inspected and sampled, most blocks
are dense (< 5 vol% vesicles) and contain minor amounts of
glass. Volcanic breccias are moderately sorted within downslope bands indicative of small-scale mass wasting events.
Contacts between these landslide deposits show variations in
grain size and sediment cover. Small landslide bands are on
the order of 10 m in width, but larger deposits are unlikely to
be recognized by the mode of observation (i.e., near-bottom,
along-slope transects).
Lava flows
One distinct intact lava flow was observed in the distal portion
of the delta at a depth of ~ 700 m. The lava flow emerged from
a cover of volcanic breccia and was at least 3 m thick. The

Volume (×106 m3)
335.44
89.28
67.29
144.89
47.70
42.00
25.75
6.95
759±110

Area (×105 m2)

Mean thickness (m)

41.20
22.85
4.89
18.44
8.53
3.20
7.05
2.68
108.84

81.41
41.72
128.3
78.55
55.90
129.80
36.52
25.97
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Fig. 4 Frame-grabbed images
from ROV video show the range
of lithologies present on the lava
deltas. An approximate 1-m scale
(white bar) is determined from
laser points separated by 10 cm on
the ROV. a Well-sorted
brecciated lava fragments 10–
30 cm in diameter. b A poorly
sorted chute of breccia fragments
10 cm to 1 m in diameter sits
within a heavily sedimented
channel. c A contact between a
well-sorted, fine-grained
(<10 cm) region and a poorly
sorted coarser grained region. d
Close up of a breccia fragment
showing convoluted (i.e., ‘a‘ālike) vesicles. Approximate field
of view is 30 cm. e Lava flow
with dense core and rough upper
and lower surfaces. f Area of fluid
flow supporting yellow-orange,
Fe-oxidizing bacteria along lava
flow
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flow resembled an ‘a‘ā flow with a dense interior and rough
upper surface, but lacked a carapace of autobrecciated lava
(Fig. 4e).
Hydrothermal and biological
Around the lava flow and in some areas of volcanic breccia
there was evidence of fluid reacting with hot rock, recognized
by the presence of bacterial mats (Fig. 4f). Iron-oxidizing
bacteria, similar in appearance to those observed on the delta,
colonize the hydrothermally active Lō‘ihi seamount roughly
75 km to the southwest. Samples of the circulating fluids
collected within a crack around the lava flow showed temperatures slightly above (< 1 °C) ambient seawater indicating that
the seawater was interacting with hot rock. The precise time of
deposition of this lava flow is not known, but is likely on the
order of 1 month prior to the ROV dive.

Geochemistry and petrology
The chemical composition of 2018 Kīlauea lava evolved
through a series of phases over the course of the eruption
due to mixing of freshly injected mafic magma with evolved
magmas stored in the rift zones from prior eruptions
(Gansecki et al. 2019). ROV-collected lava samples from
the Kapoho delta that was fed by fissure 8 have major and
trace element compositions (Supplementary Tables 1, 2) that
are nearly identical to the “Phase 3” whole-rock compositions
of Gansecki et al. (2019), the least evolved lavas of the eruption (Fig. 5). This compositional similarity confirms that the
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deltas imaged by bathymetric mapping and ROV, including
both the clastic components and intact lava flows were
sourced from the Kīlauea 2018 eruption.
Texturally, the submarine lava flow samples contain domains of higher and lower crystallinity lava separated by a
thin layer of Fe-oxides (Fig. 6). The growth of oxides into
the lower crystallinity lava and the preferred orientation of
plagioclase laths around the crystalline domains suggest that
the crystal rich regions may be exotic to the magma. This
texture is similar to those observed in samples from lava fountains and other low-intensity explosive eruptions that experience clast recycling (Deardorff and Cashman 2017). Ejected
fragments that have cooled and crystallized and whose outer
surfaces have oxidized in ambient air are reincorporated into
the magma. The oxidized and cooled clast surfaces cause the
precipitation of Fe-oxides as the clasts begin to equilibrate
with the host magma. Low fountaining (20-80 m) persisted
at fissure 8 over the duration of its activity (Patrick et al. 2019)
and could be the origin of these textures. If so, it is somewhat
remarkable that they remain intact, largely undeformed, and
do not thermally re-equilibrate over their 13-km transit to the
coastline followed by a 1.2-km transit down the submarine
flank of Kīlauea. Alternatively, these clasts may reflect
autobrecciated ‘a‘ā clasts reincorporated into the lava flow
during its transit to the coast or at the coastline. The incorporation of lava crusts into a flow’s molten interior has been
observed in active Hawaiian lava channels (Cashman et al.
1999) and at lava falls (Kauahikaua et al. 1998). Regardless
of their origin, it is unlikely that this type of recycling or clast
incorporation would be easily visible in lava flows deposited
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600

Fig. 5 Compositional variations
of 2018 Kīlauea eruption lava are
indicated by different colored
dots. Eruption phases reflect
mixing an increasing proportion
of a mafic end member with
evolved compositions from
magmas stored in the rift zone
(Gansecki et al. 2019). Phase 3
lava compositions (dark blue)
represent the mafic end member
and are compositionally identical
to samples from the submarine
Kapoho delta that are indicated by
red lines. Phase 3 erupted largely
from fissure 8, and fed the
Kapoho delta. Samples from this
study are indicated by the cross
points of red lines
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on land due to slower cooling rates leading to more complete
groundmass crystallization.

PuFu FŌFō deltas
The Pu‘u ‘Ō‘ō eruption of Kīlauea delivered pāhoehoe lava
flows to the volcano’s southeast coastal plain and into the
ocean intermittently over a period of 35 years (1983–2018).
The lava deltas produced by this eruption, perhaps unsurprisingly given the difference in flow type, are distinctly different
than those from the 2018 eruption. We describe the delta
Fig. 6 SEM images show basaltic
glass (light gray), plagioclase
feldspar (dark gray), Fe-oxides
(bright white), and olivine and
pyroxene crystals (medium gray).
Regions of high- and lowcrystallinity lava are separated by
bands of concentrated Fe-oxides
(a, c), which are also present as a
dispersed phase (b, c). The
boundaries between regions are
convoluted and in most cases, the
more crystalline material encloses
the less crystalline material (a, c).
We interpret the more crystalline
material as recycled clasts.
Outside of the recycled clasts,
plagioclase crystals show a
preferred alignment, parallel to
the boundary of the more
crystalline domain (b)

growth after 2006, the time of the previous high-resolution
bathymetric survey (Smith, 2016). The primary delta, located
at the east end of the Pu‘u ‘Ō‘ō flow field, is much longer than
the 2018 examples. It extends more than 5 km from the coastline, but is significantly thinner (max = 85 m) (Fig. 7). In addition, there are a number of smaller deltas (i.e., areas of accretion) that form in downslope of areas of erosion. These
secondary deltas (i.e., deltas produced by remobilization of
material) occur at areas of known significant collapse including those in 2007 (East Laeapuki, Poland and Orr, 2014) and
2016 (Kamokuna, Hawaiian Volcano Observatory 2020). The
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Fig. 7 Lava deltas at the Pu‘u
‘Ō‘ō flow field are colored by
thickness and outlined in red for
areas of deposition and blue for
areas of erosion. The bathymetry
is shaded by slope. The Pu‘u ‘Ō‘ō
deltas are longer and have lower
slopes than those from the 2018
Kīlauea eruption. Delta identifiers
are shown for comparison to
Table 2. The location of large
bench collapses in 2007 (E.
Laeapuki) and 2016 (Kamoamoa)
are indicated on the Pu’u ‘O’o
flow field (pink) and relative to
the 2018 coastline (solid black
line)
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total volume of the Pu‘u ‘Ō‘ō deltas, accounting for deposition and erosion, is around 500 × 106 m3, with most deposition
accounted for by the large delta at the eastern end of the flow
field (Table 2). Although similar to that of the 2018 deltas, this
volume represents 12 years of nearly continuous deposition or
~ 43 × 106 m3 year−1, a rate nearly 2 orders of magnitude
smaller than that of the 2018 eruption when extrapolated to
a full year (>3000 × 106 m3 year−1).
The 15–20° slopes of Pu‘u ‘Ō‘ō deltas are less than those of
the primary 2018 deltas. In an area of active deposition, on the
east end of the Pu‘u ‘Ō‘ō flow field, slopes increase from 15 to
20° landward. Where there are imaged collapses and downslope deposition, the resulting slopes are consistently 15°
(Fig. 8a,b). In contrast to the 2018 deltas, the Pu‘u ‘Ō‘ō deltas
Table 2 Pu‘u ‘Ō‘ō Delta
Properties. Italicized deltas
represent areas of erosion with the
corresponding depositional units
in parens. Totals are net
deposition and erosion and only
deposition in parens

0
Depth Difference (m)

20

40

maintain their pre-2006 slopes in areas of deposition. They do
display decreases in slope in areas that experienced collapse
post-2006, but that change converges to ~ 15° from slightly
oversteepened pre-collapse slopes of around 20° (Fig. 8b).

Discussion
Volume of submarine deposits
The volume of 2018 lava that was deposited in the ocean is
more than half of the total erupted volume. This partitioning of
subaerial to submarine lava is similar to estimates from the
1868 Mauna Loa eruption (Stearns and Macdonald 1946) as

Delta

Volume (×106 m3)

Area (×105 m2)

Mean thickness (m)

PO 1
PO 2
PO 3
PO 4
PO 5
PO 6
PO 7
PO 8 (PO 3)
PO 9
PO 10 (PO 4)
Total

302.36
2.96
54.72
37.09
9.86
−13.68
−6.72
−60.79
−9.25
−7.66
308.89 (406.99)

187.25
3.71
63.76
33.42
6.78
12.82
3.53
35.05
7.59
5.94
359.85 (294.92)

16.15
7.96
8.58
11.1
14.54
−10.67
−19.04
−17.34
−12.2
−12.91
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Fig. 8 Slopes along profiles for the largest Pu‘u ‘Ō‘ō delta (a) and at the
E. Laeapuki collapse (b). The surfaces from 2006 and 2018 are shown in
blue and red respectively and areas of deposition and erosion are shown

by light red and blue fill. The slopes of 2006 and 2018 surfaces are shown
in blue and red below with a low-pass filtered signal in saturated colors
and the raw signal in faded colors

well as the 1840 Kīlauea eruption (Kauahikaua and Trusdell
2020) and illustrates the importance of the combined subaerial
and submarine records in fully understanding an eruption.
Knowing the total volume of erupted lava for modern eruptions of Kīlauea is particularly important in order to link monitoring data (e.g., deformation, seismic, gravity, gas) to eruption processes. For example, in 2018, the total volume of
collapse of the summit region of Kīlauea was of a similar order
to the total (subaerial and submarine) erupted volume
(Anderson et al. 2019; Lundgren et al. 2019). Without constraints on the submarine portion, our understanding of the
controls of collapse would be less complete. In addition, this
eruption was the first from Kīlauea to be well-documented by
UAS. These data enabled an estimate of volume flux as a
function of time (Dietterich et al. 2018) that required validation by knowledge of the submarine volume.

surfaces that are on the order of a month old would require
unreasonably high sedimentation rates. Although one hurricane and two tropical storms passed through the region during
the time of the eruption, it still seems unlikely that any
remobilized material would have accumulated so quickly.
Further, no ripples were observed in the sediment that would
indicate current-driven resedimentation. Second, observations
during the eruption showed nutrient enrichment around the
eruption area that led to a chlorophyll-a anomaly (Wilson
et al. 2019). Although Wilson et al. (2019) attribute the biological response to upwelling of nitrate-rich bottom water induced by lava heating, they also recognize the importance of
high concentrations of silicic acid and trace metals (e.g., Mn,
Fe, Co) that closely resemble concentrations in Kīlauea reference basalt. The ocean entry is the only viable source of ash to
coastal waters in this region, and the anomalous water chemistry was well correlated with the plume of discolored water
that we infer to contain high ash concentrations.
The 2018 lava deltas are dominated by coarse-grained volcanic breccias, and also contain lava flows and very finegrained ash. However, they appear to lack fine-grained (i.e.,
sand-sized) volcaniclasts. Fragmentation of the Kīlauea 2018
lava likely occurred through a combination of hydrovolcanic
explosions and gravity-driven collapse. Routine observation
indicated a general decrease in hydrovolcanic explosions relative to Pu‘u ‘Ō‘ō ocean entries of the past. This may explain
the dominance of volcanic breccias relative to ash as well as
the apparent lack of fine-grained volcaniclasts.
The reduced intensity of hydrovolcanic explosions during
2018 may reflect less efficient mixing of seawater and lava
(Zimanowski et al. 1997) than at Pu‘u ‘Ō‘ō ocean entries,
which could be attributed to differences in viscosity, temperature, and higher volume flux across the coastline. All of these

Sediment mystery
The fine-grained sediment on the delta surface is enigmatic.
Although its appearance is similar to hemipelagic mud, it is
also similar to volcanic ash (Fig. 4). If it is volcanic, it could
form by hydrovolcanic fragmentation at the coastline. Aerial
photographs collected during this and other ocean entry eruptions commonly show a region of discolored water that has
been shown to have high concentrations of fine-grained volcanic material (Sansone et al. 1991). Alternatively, the sediment could be hemipelagic mud derived from terrestrial outwash, remobilized sediment, and direct biogenic sedimentation from the water column.
Although the sediment was not sampled, we favor a
volcaniclastic origin for the sediment for two reasons. First,
to accumulate the observed thickness of hemipelagic mud on
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Slope stability
The stability of newly formed lava deltas and the mechanisms
by which they fail are not well known (Poland and Orr, 2014).
The deltas formed by the 2018 eruption and the Pu‘u ‘Ō‘ō
eruption offer a unique view of contrasting styles of deposition and the potential for failure. The 2018 deltas formed from
high flux ‘a‘ā flows and produced steep deltas with nearshore
slopes up to 35°. The newly formed delta slopes are uniformly
steeper than those that were present prior to the eruption by up
to 10–15° (Figs. 3 and 9). These slopes are built outwards
from the pre-eruption coastline to distances of 1.5 to 2 km.
In contrast, the Pu‘u ‘Ō‘ō deltas (between 2006 and 2018)
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Fig. 9 Heat maps of slope as
function of depth for the same
areas in 2006 (green) and 2018
(blue) bathymetric data within the
largest mapped delta regions from
the 2018 Kīlauea eruption (top
row) and Pu‘u ‘Ō‘ō area (bottom
row). The colorbars indicate the
frequency (i.e., number of pixels)
within a given depth and slope
bin. The Kapoho delta area was
transformed from a relatively
smoothly decreasing slope with
depth before the eruption to a near
uniform slope between 30 and
35° over the width of the delta
after the eruption. Despite
differences in data quality at the
Pu‘u ‘Ō‘ō region, the dominant
slopes remain unchanged, with a
slope of 10–15° at depths >
1000 m and increasing slightly
towards the coastline
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formed from low-flux pāhoehoe flows and produced deltas
that extend up to 7 km from the coastline. Their slopes of
10–20° experienced limited change in slope over the last decade despite the continued input of lava (Figs. 8 and 9). The
Nesjharun flows in Iceland, which entered a lake, also produced deltas with low slopes, but were interpreted to have
mantled the pre-existing low-slope lakebed (Stevenson et al.
2012). To determine if pre-existing slopes were appreciably
lower at the Pu‘u ‘Ō‘ō delta site relative to the 2018 delta site,
we examined single-beam bathymetric surveys conducted by
NOAA in 1980. Although these data do not provide the same
accuracy as modern multibeam surveys, we have high confidence in their internal consistency and thus are useful for
comparing the two sites. The slopes derived from these data
vary as a function of depth and lie between 15 and 40° over the
first 1000 m of depth for both Pu‘u ‘Ō‘ō and the 2018 delta
sites with little difference between the two (Supplementary
Figure 4). This suggests that the modern slopes are not strongly influenced by the pre-existing shape of the submarine volcano flanks and instead result from the inherent properties of
the material that has deposited hundreds of meters thick deltas
at each location.
The gross morphology of the deltas may also reflect processes of sediment redistribution via landslides. The Pu‘u
‘Ō‘ō deltas experienced dozens of landslides that were recognized by bench collapses at the coastline (Poland and Orr
2014; Hawaiian Volcano Observatory 2020) and many more

factors would make it more difficult to obtain efficient mixing
of seawater and lava. In particular, our volume estimates indicate that the average flux to the oceans for the 2018 eruption
was more than an order of magnitude higher than at Pu‘u ‘Ō‘ō,
which would significantly reduce the residence time of lava at
the land-water interface where mixing occurs. In addition,
Pu‘u ‘Ō‘ō lava flows that reached the coastline were commonly aphyric and subject to quench fragmentation as opposed to
the 2018 flows that were highly crystalline when they reached
the coast. As a result, it is more likely for 2018 lava to cross
the coastline as lava flows that remain intact as they flow
down the submarine flank (Fig. 4e), or gravitationally break
apart into blocks aided by seawater quenching.
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We propose a mechanistic model to explain the differences in
morphology between the Pu‘u ‘Ō‘ō and 2018 Kilauea delta
systems and the apparently greater stability of the 2018 deltas.
Included in the model are the static friction that controls the
steepest achievable slope of the material, the dynamic friction
that governs the slope attained during small-scale mass movement (i.e., angle of repose), and fluidized flow resulting from
larger-scale mass movement. We suggest that differences in

materials that make up the deltas can account for the differences in both the apparent stability and morphology (e.g.,
slope and length) of the 2018 and Pu‘u ‘Ō‘ō delta slopes.
Although comprehensive surveys of delta material have not
been conducted, our observations indicate that the 2018 deltas
are dominated by volcanic breccia with cobble- to bouldersized fragments as well as intact lava flows (Figs. 4, 10),
consistent with previous observations of the shallow submarine portion of ‘a‘ā flows (Moore et al. 1973). This contrasts
with observations of Pu‘u ‘Ō‘ō deltas that contain a large
proportion of fine-grained volcaniclastic material (i.e.,
hyaloclastite) (Tribble, 1991; Sansone and Smith, 2006),
which are consistent with ancient Hawaiian delta deposits
(Schiffman et al. 2006). We suggest that this difference in
grain size reflects differences in the efficiency of fragmentation at the coastline (Fig. 10). Pāhoehoe flows, with lower
viscosity, higher temperature, and lower flux promote more
efficient fragmentation by hydrovolcanic explosions and
quench granulation with finer grain sizes than ‘a‘ā flows. It
follows that ‘a‘ā flows would more commonly produce intact
flows that move along the submarine slopes. We observed
evidence of this on the 2018 deltas via direct observation
and through delta morphology. In addition, we observed hydrothermal fluid circulation in the area of intact flows (Fig. 4),
but not elsewhere, indicating that flows are an effective means
to advect heat down the submarine slope. Previous studies
have noted small lava flows on pāhoehoe deltas (Tribble
1991), but delta morphology suggests that they are less

Fig. 10 Comparison of primary features of Pu‘u ‘Ō‘ō-type (low-flux) and
2018-type (high-flux) ocean entries and resulting deltas. At the low-flux
delta, which is characterized by efficient fragmentation (larger and more
frequent hydrovolcanic explosions, quench granulation), delta lengthening occurs primarily by grain flow. The resulting deltas are lower slope
and longer due to large volume, long run-out landslides. The high-flux
delta, characterized by inefficient fragmentation at the coastline, leads to

more deposition by lava flows and volcanic breccias due to gravitational
collapse of flows. The larger grain size limits the run-out length of landslides resulting in higher slopes, close to the angle of repose. The greater
advection of heat into the shallow ocean by high-flux deltas produces
upwelling (Wilson et al. 2019) that, along with alteration of suspended
ash, fertilizes the upper ocean. Fewer and smaller hydrovolcanic explosions at the coastline limit the production of fine-grained clastic material

that were identified from hydrophones deployed at Lō‘ihi
(Caplan-Auerbach et al. 2001). Several documented failures
of the Pu‘u ‘Ō‘ō delta that have occurred since 2006 are imaged by the new bathymetric surveys (Fig. 7). These failures
occurred in slightly oversteepened slopes (~20°) that evolved
towards a slope consistent with the rest of the deltas (~15°)
after failure (Fig. 8b). Bathymetric mapping shows that the
material mobilized in these collapses is deposited on the submarine slopes 5–10 km from the coastline. In contrast, no
large-scale failures of the 2018 deltas have been documented
by deployed hydrophones or by coastal bench collapses so far.
At Pu‘u ‘Ō‘ō, most slope failures have occurred during periods of active lava emplacement, suggesting that
oversteepening of the slope due to active deposition is a primary driver for failure. If this is true, the lack of large failures
of the 2018 deltas, even with much steeper slopes and more
rapid delivery of delta material, is surprising.

Mechanistic model
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common. In both cases, the deltas are dominated by clastic
material.
The steepest stable slope of a pile of unconsolidated clastic
material depends on the static friction, which is controlled by
the grain size, shape, packing, and surface roughness (Carrigy
1970). The relation among these parameters is empirically
determined and although the effects of water and gravity have
been explored, they are generally considered minor
(Kleinhans et al. 2011). In addition, the grain size variations
across the Pu‘u ‘Ō‘ō and 2018 deltas (i.e., sand to boulder) are
larger than is typically examined within any individual empirical study. However, there is general agreement that static
friction and angle of repose increases with increasing grain
size. For coarse-grained material, studies of rip-rap suggest
angles of repose of 34–38° for subangular clasts (Froehlich
2011). Studies of finer-grained material suggest angles of 30–
34° (Carrigy 1970). Although empirical models, such as those
cited, may not be directly applicable to the lava deltas, it is
apparent that the slope of the 2018 Kīlauea deltas is at least
near their predicted angle of repose whereas the slope of the
Pu‘u ‘Ō‘ō deltas is below what would be predicted based on
grain size alone.
Another potential control on the observed delta slopes may
arise from the dynamic friction that dominates grains in motion. Grains in motion are assumed to have fewer points of
contact and thus reduced friction and shallower angles of repose. Experimental studies find decreases of 10 to 20% in the
dynamic relative to static angle of repose independent of grain
size (Kleinhans et al. 2011; Cheng and Zhao 2017). Both delta
systems display evidence for downslope mass transport. On
the 2018 deltas, highly sorted bands of breccia-oriented downslope (Fig. 4b,c) indicate ubiquitous, small landslides.
Although the downslope dimensions are not constrained, their
widths are on the order of 10 m. At the Pu‘u ‘Ō‘ō deltas, much
larger landslides have occurred and distributed material several kilometers downslope. In addition, hydroacoustic data
collected during a 3-month interval in 1998 indicate that there
are many (4–10 per day during) smaller mass movements of
delta material on the Pu‘u ‘Ō‘ō deltas (Caplan-Auerbach et al.
2001). The dynamic angle of repose is perhaps a better fit for
the observed slope on the 2018 deltas; however, this reduction
is not sufficient to explain the much shallower slope of the
Pu‘u ‘Ō‘ō deltas.
The low slopes of the Pu‘u ‘Ō‘ō deltas may be explained by
the integrated effects of fluidized flow of delta material.
Submarine landslides have been documented to travel tens
of kilometers on very low slopes (Masson et al. 2006).
Despite a similar magnitude of volcanic deposition at both
delta systems, if landslides distribute material farther at the
Pu‘u ‘Ō‘ō deltas, they would evolve towards shallower slopes.
A model system that has been successful in predicting controlled granular flow experiments was presented by Iverson
and Denlinger (2001). In this model, Coulomb (i.e., frictional)
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forces between grains are averaged over the thickness of the
landslide. A number of factors control the magnitude of frictional forces, but the frequency of grain collisions is the most
significant. This model recognizes the importance of internal
pore pressure in controlling those collisions and identifies a
parameter D (diffusivity) that indicates the rate at which pore
pressure dissipates. D depends on the viscosity of the
suspending fluid, which may increase with an increasing proportion of silt-size and smaller particles, and the grain size and
stiffness of the suspension, which controls the porosity and
Young’s modulus of the suspension. Assuming no difference
in the viscosity of the suspending fluid between, smaller grain
sizes—as inferred for the Pu‘u ‘Ō‘ō deltas—will lead to lower
D, thus greater pore pressure and decreased Coulomb forces.
As a result, we would expect Pu‘u ‘Ō‘ō delta collapses to
result in longer run-out than 2018 delta collapses (Fig. 10),
where large grain size and high porosity would cause pore
pressure to dissipate very rapidly, increasing grain-to-grain
collisions that would cause flows to stop sooner and in accord
with empirical estimates of the dynamic angle of repose. This
difference in grain size between the two delta systems is analogous to the toe and levees of debris flows where mechanical
sorting leads to larger grain sizes and greater resistance to flow
(Iverson and Denlinger 2001).
Systematically longer run-out lengths would result in the
Pu‘u ‘Ō‘ō deposits evolving towards longer deltas with
shallower slopes than the 2018 deltas (Fig. 10). However, an
additional contribution to delta morphology might be the frequency and size of landslide events. Although there is evidence of abundant landslides on both deltas in the form of
observations of well-sorted runnels on the 2018 deltas and
hydroacoustic data from the Pu‘u ‘Ō‘ō deltas, the Pu‘u ‘Ō‘ō
deltas have experienced large collapses, and the 2018 delta
has not (Caplan-Auerbach et al. 2019). One possible explanation for this is an increased proportion of lava flows within the
2018 deltas that may act to stabilize and strengthen the deposits and perhaps limit the size of failures. A similar model
was suggested for the submarine slopes of Mauna Loa (Garcia
and Davis 2001), although others have suggested the presence
of intercalated lava flows in delta deposits might decrease
stability with flow tops providing a conduit for overpressured
fluids (Schiffman et al. 2006). As the slopes of the Kīlauea
2018 deltas at ~ 30° are roughly similar to that expected for
coarse-grained clastic deposits, it would appear that stabilizing
or destabilizing effects of intercalated lava flows are secondary to the effects of grain size.

Conclusions
Our study illustrates the value in rapid-response seafloor mapping to quantify the total volume output of an eruption with
lava flows that reach the coastline. Such data are essential to
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linking the properties of an eruption with its geophysical signals during a volcanic crisis and aid models of volcano behavior that inform associated hazard assessments. In addition, our
study utilized new bathymetric mapping and ROV observations to evaluate the physical characteristics of the lava deltas
formed during two Kīlauea eruptions, in 2018, as well as those
formed at Pu‘u ‘Ō‘ō between 2006 and 2018. These two delta
systems formed from distinctly different eruption types and
produced deltas with markedly different morphology. The key
conclusions of our study include:
&

&

&

&

The volume of the 2018 lava deltas, ~ 760 × 106 m3, is
more than 60% of the total erupted volume. The total
erupted volume provides insight into the physical processes of eruption (e.g., link to caldera collapse). Total eruption volumes that include submarine deposits are typically
not documented.
The 2018 deltas contain a minor component of volcanic
ash, coarse volcanic breccia, and lava flows the latter of
which extend, intact, up to 2 km from the pre-eruption
coastline and descend to water depths of ~ 700 m. The
coarse average grain size, relative to Pu’u ‘Ō‘ō and ancient
Hawaiian deltas, is consistent with diminished
hydrovolcanic fragmentation (e.g., explosion, quench
granulation) due to high-volume flux across the coastline
and the cooler and more viscous nature of the 2018 lava.
Pu‘u ‘Ō‘ō deltas can produce large, highly-mobile landslides that we suggest are due to their finer grain size,
which enables the flow to support and maintain high pore
pressure modulating inter-particle friction. The 2018
deltas, in contrast and due to their large grain size, can
only produce grain-supported flows that are significantly
less mobile, limiting down-slope transport.
Differences in the material properties and mode of downslope transport result in distinct differences in slope with
Pu‘u ‘Ō‘ō deltas supporting 15–20° slopes, reflecting long
run-out landslides, and 2018 Kīlauea deltas supporting
30–35° slopes, reflecting static or dynamic friction.

Our results suggest that the propensity for large collapses on
lava deltas is linked to the grain size of the delta, which is controlled by the efficiency of fragmentation at the coastline.
Additional study is required to validate this hypothesis including
continued post-eruption monitoring of the evolution of both the
Pu‘u ‘Ō‘ō and 2018 lava deltas, direct observations and sampling
over both deltas, and experimental and numerical studies of delta
slope stability. If borne out, observations of the efficiency of
fragmentation at the coastline could provide a new tool to evaluate the hazards posed by lava delta collapse during the next
volcanic crisis in Hawaii and at other volcanic islands.
Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00445-020-01424-1.
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